Abstract The genetic modification of autologous T cells with chimeric antigen receptors (CARs) represents a breakthrough for gene engineering as a cancer therapy for hematologic malignancies. By targeting the CD19 antigen, we have demonstrated robust and rapid anti-leukemia activity in patients with heavily pre-treated and chemotherapy-refractory B cell acute lymphoblastic leukemia (B-ALL). We demonstrated rapid induction of deep molecular remissions in adults, which has been recently confirmed in a case report involving a child with B-ALL. In contrast to the results when treating B-ALL, outcomes have been more modest in patients with chronic lymphocytic leukemia (CLL) or other non-hodgkin's lymphoma (NHL). We review the clinical trial experience targeting B-ALL and CLL and speculate on the possible reasons for the different outcomes and propose potential optimization to CAR T cell therapy when targeting CLL or other indolent NHL. Lastly, we discuss the pre-clinical development and potential for clinical translation for using CAR T cells against multiple myeloma and acute myeloid leukemia. We highlight the potential risks and benefits by targeting these poor outcome hematologic malignancies.
Introduction
Gene therapy has demonstrated significant potential as a cancer therapy in the last few years. The greatest successes have been reached by genetic modification of autologous patient T cells with chimeric antigen receptors (CARs), which are novel and synthetic receptors composed of the antigen-binding domain from a B cell receptor fused to the signaling elements associated with a T cell receptor [1] . Genetic modification of a T cell with a CAR successfully re-directs the T cell towards the target of the CAR. Ligation of the CAR results in signal transduction through signaling moieties and leads to activation of the T cell and killing of the target directly or through engagement of other components of the immune system (Fig. 1) . The synthetic nature of CARs allows for the targeting of a variety of cancers by simply substituting various antigen-binding domains, encoded by single chain variable fragments (scFv). Furthermore, selection of different signaling moieties could potentially support different T cell functions or properties. More detailed reviews on the implications of CAR design have been published [2, 3] .
The translation of this therapy to the clinical setting has required the development of a robust, rapid, and reproducible method of producing CAR T cells (Fig. 2) . Furthermore, while initial pre-clinical analyses of CARs involved various antigens and malignancies, most clinical trials have focused on B cell malignancies by targeting the pan-B cell antigen, CD19. The first trials targeting CD19 involved patients with relapsed indolent non-Hodgkin's lymphomas (NHL) and chronic lymphocytic leukemia (CLL) demonstrating the safety of CAR T cells and occasional clinical benefit [4] [5] [6] [7] [8] [9] [10] . In contrast, two independent trials that infused CD19-targeted CAR T cells in patients with B cell acute lymphoblastic leukemia (B-ALL) resulted in robust anti-tumor efficacy and positive clinical outcomes, two feats not consistently reached with the trials involving NHL and CLL [11, 12] . Clearly, the proof-ofprinciple of gene therapy as a cancer therapy, in the form of CAR T cells infused in patients with B-ALL, has been solidly demonstrated. Institutions, including our own at Memorial Sloan-Kettering Cancer Center (MSKCC), are currently seeking to extend these promising results in B-ALL to other hematologic malignancies. In this review, we will discuss clinical trials (Table 1 ) using CAR T cells in patients with NHL, CLL, and B-ALL, speculate on possible reasons for the different efficacies and outcomes observed in these trials, and suggest possible ways to enhance CAR T cell therapy for NHL. We will then discuss the state of development of CAR T cells for other hematologic malignancies in dire need of novel, cell-based gene therapies.
B-ALL as a target for CD19 CAR T cells
CD19 was chosen as a target for B cell malignancies because of its near-universal expression on B cell malignancies and its limited expression on B cells but not bone marrow (BM) stem cells [13, 14] . Since CD19 expression is specific to B cells and does not occur on other cells such as hematopoietic stem cells, no off-target effects would be expected when infusing patients with CD19 CAR T cells. Being one of the initial CAR systems developed, CD19 CARs became the first pre-clinical models used to establish key tenets of CAR T cell cancer therapy. For example, a critical limitation to CAR T cell therapy was noted with first-generation CARs, which are composed of a CD19-targeted scFv and a CD3f signaling component; these CARs had robust in vitro activity but limited pre-clinical in vivo efficacy. It was demonstrated that inclusion of a costimulatory receptor, such as CD28 or the 4-1BB, with the CD3f signaling protein in a second-generation CAR was sufficient to mediate robust killing of tumor targets in immunodeficient mouse models of human B cell malignancies [15] [16] [17] . Immunocompetent, syngeneic animal models were developed to determine how CAR T cells function in animals with abundant CD19 antigen expressed Tumor cell recognition occurs when a CAR on a T cell ligates its antigen on the tumor. Signaling and activation is mediated by the intracytoplasmic signaling domains within the CAR. Activation can lead to direct cytotoxicity of tumor target by CAR T cell mediated release of granzyme and perforin. Tumor killing can also be mediated by activation of other components of the immune system through release of cytokines by CD4
? T cells. Long-term eradication and prevention against tumor relapse may be provided by long-term memory CAR T cells that form after the initial activation on normal B cells [18] [19] [20] [21] . It was determined that for effective CD19 CAR T cell function some form of conditioning therapy was required, presumably in part to decrease the antigen burden or possible to deplete immunosuppressive regulatory T cells. Mice that were infused with CD19 CAR T cells without conditioning therapy showed no or only limited B cell killing but pre-treatment with a lymphodepleting conditioning agent resulted in B cell aplasia, tumor eradication, and long-term CAR T cell persistence. Lastly, one of the immunocompetent models validated B-ALL as a highly susceptible tumor target despite its aggressive and highly proliferative nature and also suggested that re-generating progenitor B cells in the BM could serve as an antigen reservoir to stimulate CD19 targeted CAR T cells and lead to long-term persistence [21] . The results from these pre-clinical studies served as the rationale for evaluating CD19 CAR T cells in humans with B cell malignancies ( Table 1) . They significantly influenced the design of these trials by focusing on CD19 CAR T cells modified with second-generation CARs, incorporating conditioning chemotherapy, and evaluating the therapy in B-ALL patients.
We opened the first Phase I clinical trial infusing CD19 CAR T cells into adults with relapsed/refractory B-ALL and the results were recently published [11] . Five patients with chemotherapy-refractory B-ALL were enrolled and leukapheresed (Fig. 2) . Despite extensive prior chemotherapy treatments and marked lymphopenia or elevated blast counts, we were able to collect a sufficient number of T cells, genetically target these cells to CD19, and subsequently expand the cells to the dose required by our clinical protocol (3 9 10 6 CAR T cells/kg). Prior to CAR T cell infusion, four of the patients had residual disease (ranging from minimal to gross residual) despite standard, highdose, multi-agent chemotherapy regimens. All four of these patients were successfully induced into a minimal residual disease-negative (MRD-) state. Furthermore, it is well known that the standard of care for patient with relapsed B-ALL is an allogeneic stem cell transplant (allo-SCT), which offers the only hope for a durable remission [22] . However, it is an unfortunate reality that most relapsed/ refractory B-ALL patients are unable to be induced into the requisite CR to undergo an allo-SCT [23] . Four of the five patients treated on our trial were able to undergo an allo-SCT, the fifth having medical contraindications to an allo-SCT, which argues for the potential of CD19 CAR T cell therapy as a potentially life-saving bridge to allo-SCT [11] .
Toxicities were associated with the CD19 CAR T cell therapy [11] . Two of the patients experienced high-grade fevers persisting for several days and also had adverse events including hypotension, obtundation, intubation, and seizures. These toxicities were manageable and also completely reversible with high-dose steroid administration. The other three patients experienced no major toxicities, although one patient had low-grade fevers. We determined that the severity of the toxicities was associated with a surge of inflammatory cytokines, suggesting that the toxicities were part of a cytokine release syndrome (CRS). Importantly, we made the novel observation that the extent of toxicities, as measured by cytokine surge, was strongly correlated with pre-CAR T cell infusion tumor burden [11] .
Patients with high tumor burdens experienced a surge of cytokines and concomitant toxicities, while MRD? patients experienced no or only mild cytokine increases and toxicities. However, regardless of the presence or lack of toxicities, all patients with residual disease were induced into a MRD-disease state [11] . These results have been recently confirmed by a case report of a pediatric B-ALL patient treated at the Children's Hospital of Pennsylvania (CHOP) [12] . This young patient had relapsed B-ALL and was infused with CD19 targeted CAR T cells. She experienced toxicities consistent with a CRS, which was ameliorated by anti-cytokine treatment with etanercept and tocilizumab. She was successfully induced into a MRD-remission, which to date has lasted for several months. A second patient described in this case report developed a morphologic remission but then had a rapid relapse of B-ALL tumor cells, which lacked the CD19 antigen [12] . Prior to CD19 CAR T cell infusion she had been treated with blinatumomab, which has been shown to induce CD19-B-ALL clones [24] , so this may explain why these cells escaped targeting by the CD19 CAR T cells. This group also showed that CAR T cells traffic to the CNS, a location from which they could serve as tumor immunosurveillance or therapy since patients with B-ALL readily develop CNS disease [12] .
While the outcomes of the two trials have been similar, there are a few important differences to consider [11, 12] . First of all, the second-generation CAR used in the CHOP trial utilized a 4-1BB signaling element compared to the CD28 signaling element used in our trial. This may account for some T cell physiologic differences such as onset and duration of CRS, T cell proliferation, and persistence. Furthermore, our trial used a gamma retrovirus to transfer the CD19 CAR gene, while the other trial used a lentiviral gene-transfer system, which is theoretically safer but has been less successful at consistently reaching stipulated CAR T cell dose [21] . Furthermore, while both trials involved relapsed B-ALL, one treated pediatric patients and the other treated adult patients. The disease is superficially the same, but the outcomes are dramatically different between adult and children: nearly all children with B-ALL are cured of their disease with chemotherapy alone and unfortunately most adults with B-ALL will eventually succumb to their disease.
Together, these two independent reports highlight the potential of CD19 gene-modified T cell therapy for a highly fatal and chemotherapy-refractory acute leukemia [11, 12] . Important issues remain to be addressed such as a comparison of the efficacy of this therapy to standard salvage chemotherapy in a phase II trial. Furthermore, will these phase II trials be able to rapidly generate patientderived, gene-modified, cell therapies for a large number of patients at multiple treatment centers? Also, as more patients are treated with 41BB CAR T cells it will be important to find out if B cell aplasias present long-term complications that are not manageable with antibiotics and/ or intravenous immunoglobulins, as compared to patients treated with 28z CAR T cells who have normal B cell recovery after a few months of treatment. The two different CD19 CARs evaluated in B-ALL patients so far should also be compared to determine if they have significantly different efficacies or toxicities [11, 12] . Finally, another critical question to address is if the CD19 CAR T cell therapy is a stand-alone therapy or should only be used as a bridge to allo-SCT. Considering that allo-SCT is the current standard of care for relapsed B-ALL and that this is the only potential cure for adults, all patients eligible for an allo-SCT on our trials with reasonable morbidity and mortality risks will proceed to an allo-SCT [22, 23] . Even though these patients received an allo-SCT, we will still be able to detect anti-leukemia benefit with reasonable statistical power by comparing the standard relapse rate after allo-SCT (approximately 30 %) to the relapse rate of patients first treated with CD19 CAR T cell therapy.
Targeting indolent B cell malignancies with CD19 CAR T cells
Investigators from the University of Pennsylvania (UPenn) initially reported durable complete remissions (CRs) in two patients and a partial remission (PR) in another patient who received autologous second-generation CD19-targeted CAR-modified T cells containing a 4-1BB co-stimulatory domain [8] . They presented an additional 6 patients at the 2012 American Society of Hematology (ASH) meeting, which included a CR in 1 patient, PR in 3 patients but with a short follow-up (\5 months), and treatment failures in 2 patients [25] .
At our institution, we have published the outcomes of 8 patients with purine-analog refractory or relapsed CLL with bulky lymphadenopathy who received autologous CD19-targeted CAR-modified T cells containing a CD28 co-stimulatory domain. Of the 4 evaluable patients, one experienced a dramatic reduction of lymphadenopathy, and 2 patients had stable disease despite rapid tumor progression before therapy [10] . At the 2012 ASH meeting, we reported the clinical outcome of an additional 2 patients. One patient achieved a MRD-CR and another patient achieved a PR [26] . Investigators at the National Cancer Institute (NCI) reported the outcomes of 4 relapsed CLL patients treated with CD19-targeting CAR-modified autologous T cells containing CD28. Notably, all patients received nonmyeloablative conditioning therapy consisting of fludarabine and cyclophosphamide prior to T cell infusion. One patient achieved a CR, and 3 other patients achieved PRs [7] .
The second-generation CARs used in these trials contain different co-stimulatory domains and they have not been compared directly, so it remains unclear whether any particular co-stimulatory molecule is superior to another in patients. Toxicities observed in these trials have been similar, mostly consisting of flu-like symptoms such as fever, malaise, and myalgias as well as capillary leak syndrome, likely related to a CRS. Prolonged B cell aplasia and hypogammaglobulinemia, anticipated side effects from on-target effects of the CD19-specific CAR-modified T cells, have also been observed in a subpopulation of responding patients. However, to date, there have been no apparent infectious complications attributed to genetically modified CD19 targeted T cells [27, 28] .
Potential explanations for the limited clinical efficacy of CAR T cells in patients with CLL compared to B-ALL is the limited persistence of CAR T cells in patients with CLL, the immuno-inhibitory tumor microenvironment of CLL, the mostly bone marrow-based nature of B-ALL compared to the lymph-node based disease in CLL, and the lower tumor burden at treatment in patients with B-ALL. Potential methods to overcome these possible barriers include the incorporation of other signaling domains into the CAR systems or other immune effectors into the CAR T cells. By incorporating co-stimulatory domains such as CD28, CD137 (4-1BB), or CD134 (OX40) into third-generation CARs [29] or by directing secretion of proinflammatory cytokines such as IL12 [18] in a secondgeneration CAR, or ''armored CAR'', we may overcome limitations of persistence or a T cell inhibitory tumor microenvironment.
While early reports of autologous CD19-targeted CARmodified cells in patients with CLL or indolent NHL have been promising, obstacles remain. Carefully designed clinical trials will be needed to assess the optimal timing for incorporating CAR-based adoptive immunotherapies in CLL, and to test the safety and efficacy of the new thirdgeneration or armored CARs that may have enhanced activity against the chemotherapy-refractory bulky disease. These third-generation CARs will need to be equipped with an additional safety mechanism that will allow a quick elimination of the infused cells in cases of adverse events. One of the most well-studied strategies is to incorporate suicide genes, such as the herpes simplex thymidine kinase gene or an inducible caspase 9 (iCasp9) protein, that can be activated by specific drugs and eradicate the genetically engineered cells if adverse effects occur following adoptive transfer [30, 31] . Of the two suicide genes, iCasp9 seems to be the most appropriate for CAR-modified T cell therapy due to its rapid onset of action and relative lack of immunogenicity [32] , and is currently being explored by several groups. Furthermore, one potential drawback of targeting CD19 or CD20 is the prolonged elimination of normal B lymphocytes and subsequent impairment of humoral immunity, although this can be mitigated with immunoglobulin repletion in patients. In order to reduce the toxicity to the normal B cells, CARs targeting CD23 [33] , the j or k light chain of human immunoglobulin [34, 35] , and ROR1 [36] are being explored. However, it remains to be seen whether these antigens will serve to be a safer and more effective targets for CAR-modified T cells in CLL and other indolent B cell NHL.
Targeting multiple myeloma with CAR T cells
Multiple myeloma is a malignant disease of plasma cells that accumulate in the bone marrow. It is the second most common hematologic malignancy with 22,350 new cases expected to be diagnosed in the US in 2013 [37] . Myeloma is still generally considered an incurable disease outside an allo-SCT [37] . The median overall survival is considered 45-60 months, although approximately 25 % of patients present with high risk cytogenetics and have a median survival of less than 2 years [38] .
Myeloma has several characteristics that make it an ideal disease to treat with adoptive T cell therapy. First, myeloma is primarily a disease of the bone marrow and adoptive T cell therapy has been most successful in bone marrow predominant diseases such as ALL [11] , when compared to extra-medullary diseases such as CLL [10] . Second, autologous stem cell transplantation is the standard of care in myeloma, and since lymphodepletion may enhance the efficacy of adoptive T cell therapy, the immediate post-autologous transplant period could be an optimal time for administering CAR T cells [10, 18] . Third, unlike all other treatments for myeloma, the graft vs. myeloma effect of an allo-SCT is potentially curative. Responses are seen even with minimal or no concomitant chemotherapy such as after a non-myeloablative transplant or after post-transplantation donor lymphocyte infusions [39] . However, while the graft vs. myeloma effect has great potential, allo-SCTs are limited by transplant associated toxicity (including graft vs. host disease) and mortality, patient eligibility, and availability of a suitable donor. Thus, the discovery of a safer way to obtain the antitumor efficacy of the graft vs. myeloma response, such as CAR T cell therapy, is of great interest.
The most obvious targets for CAR therapy in myeloma are CD138, CD38, and CD56. In one study of over 300 patients with myeloma these antigens were expressed in 100, 100, and 78.7 % of patient tumor samples, respectively [40] . CAR therapy targeting CD138 has entered into a phase I/II clinical trial in China this year (Table 1) ; however, to our knowledge there is no published preclinical or clinical data available for review. Pre-clinical data exist for CAR T cells targeting CD38 and CD56. Mihara et al. [41] have shown that second-generation CAR-modified T cells targeting CD38 are highly cytotoxic to CD38-positive human myeloma cell lines and primary myeloma cells isolated from human bone marrow in vitro. At MSKCC we have investigated second-generation CAR T cells targeted to CD56. These cells are highly cytotoxic to a CD56-positive human myeloma cell line both in vitro and in a systemic bone marrow predominant xenograft mouse model. In this model a dose of 5 9 10 6 CAR T cells resulted in complete tumor regression [42] . However, unlike the CD19 antigen, these targets (CD138, CD38, CD56) are co-expressed on other important cell types and standard second-generation CAR therapy directed toward one of these molecules could potentially result in unacceptable on target, off tumor toxicity (Table 2) . Therefore, researchers have investigated additional CAR targets. One potential strategy is second-generation CAR T cells targeted toward kappa light chain. These cells are cytotoxic against Ig-kappa positive tumor cell lines and primary CLL cells both in vitro and in vivo [35] . A phase I clinical trial using these cells is open to patients with myeloma and is underway at Baylor College of Medicine (Table 1) . Similarly, there has been exciting pre-clinical results targeting the Lewis Y carbohydrate tumor antigen with CAR therapy in myeloma. In these studies, anti-Lewis Y CAR T cells delayed the growth of myeloma xenografts in NOD/SCID mice and improved their survival [43] . This observation has led to a phase I clinical trial, which opened in 2012 (Table 1) .
Several other pre-clinical studies have been conducted with unique targets. The B cell maturation antigen (BCMA) has recently been targeted with a second-generation CAR in pre-clinical studies. These cells were shown to be cytotoxic to primary human myeloma cells in vitro and eradicated tumors and enhanced survival in a subdermal myeloma model in NSG mice [44] . A unique strategy for the use of CARs to target intracellular antigens in myeloma has also been developed; here, a single epitope of the intracellular tumor antigen NY-ESO-1 in the setting of HLA-A0201 serves as the CAR target. Using these CAR T cells in a systemic HLA-A0201 human myeloma cell line xenograft mouse model, tumor progression was delayed. Although the in vivo results were not as robust as the other pre-clinical data reviewed here, the concept potentially opens the door to targeting other intracellular tumor antigens [45] . While there is great promise for adoptive cell therapy in myeloma, clinical experience lags behind therapy for other B cell malignancies. Until we can assess the initial outcomes of current and future clinical trials we must wait to ascertain the promise of CAR T cell therapy for this distinct B cell malignancy.
Targeting AML with CAR T cells
Several pre-clinical reports have demonstrated that CAR-T cells have the potential to eradicate acute myelogenous leukemia (AML) [43, [46] [47] [48] . The first AML target to be successfully translated into a clinical trial has been the Le Y antigen [49] . In this report 4 patients with relapsed AML were treated using a CD28-containing second-generation CAR-targeting Le Y . Patients received re-induction chemotherapy (fludarabine/cytarabine) and then CAR T cell infusion within 6 weeks of finishing chemotherapy [49] . Notably, one patient (#4) with morphologic disease and leukemia cutis developed evidence of T cell activation following infusion. This included fever/rigors, reduction in peripheral blast count, and a transient skin rash, which on biopsy showed AML cells and CAR-T cells. Additional evidence supporting the efficacy of this target included a transient cytogenetic remission (patient #5) and stable disease (patient #2) for 23 months following infusion of CAR T cells. Detection of CAR T cells was also demonstrated for up to 4 months in both the peripheral blood and bone marrow following infusion. The most notable finding from this study may be the lack of toxicity following infusion despite the known expression of the Le Y antigen on normal tissues [50] . The implication is profound since Le Y is overexpressed on numerous epithelial cancers and therefore could become an important target for CAR T cells [50] . CAR T cells targeting CD33 or CD123 have also been the subject of pre-clinical reports demonstrating anti-leukemic potential against AML blasts [46] [47] [48] . CD33, which is overexpressed on the surface of 90 % of AML blasts, is also the target of gemtuzumab ozogamicin (a humanized anti-CD33 monoclonal antibody combined with calicheamicin). Early enthusiasm for gemtuzumab was tempered by liver and hematologic toxicity related to accumulation of the conjugate calicheamicin and expression of CD33 on myeloid progenitors and Kuppfer cells [51] . However, the recent finding of improved survival in select patient populations has renewed interest in targeting CD33 [51] . One possible mechanism to improve the safety profile of CD33 targeting is through the use of CAR T cells thereby avoiding toxicity associated with calicheamicin. To this end, improved in vitro and in vivo anti-leukemic effect of cytokine-induced killer (CIK) cells and EBV-CTLs has been shown by transducing these cell types with an anti-CD33 CAR [46, 47] . Importantly, these reports also assessed the impact that CD33 targeting would have on the normal CD33 expression myeloid compartment. Using in vitro assays, the targeting of normal hematopoietic progenitors expressing CD33 by anti-CD33 CAR transduced cells was demonstrated. However, despite this undesirable toxicity, residual clonogenic activity is maintained thereby indicating that it is a reversible toxicity [46, 47] . To reduce the likelihood of hematopoietic toxicity, the targeting of the IL-3 receptor alpha subunit (CD123) has been tested. CD123 is widely overexpressed by AML blasts, is associated with apoptosis resistance, increased proliferation, poor prognosis and is limited in expression on hematopoietic progenitors [48] . CIK cells transduced with an anti-CD123 CAR have improved anti-leukemic effect while at the same time preserving hematopoietic stem cells in vitro [48] . Furthermore CIKs transduced with an anti-CD123 CAR have limited effect on normal monocytes and low-CD123 expressing endothelial cells [48] . Taken together, these results suggest that CARs targeting CD123 may have a lower toxicity profile with retained anti-leukemic effect when compared to anti-CD33 CARs. Regardless of which anti-AML CAR is ultimately advanced to clinical testing, the risk of unwanted on-target/off-tumor toxicity for both of these targets is high. Therefore, the first trials will require several safety mechanisms including dose escalation, dose splitting, and suicide genes (e.g., iCasp9) to safely test the efficacy of this approach.
Conclusion
The potential of CAR T cell therapy is evidenced by the dramatic successes observed in patients with relapsed, refractory B-ALL. Conflicting but encouraging results of this therapy in other hematological malignancies such as CLL, however, demonstrate the need for further optimization. Factors that require consideration when adapting the therapy to individuals with different hematological malignancies include chemotherapy conditioning regimens, CAR design, disease burden, and tumor target antigens. Continued follow-up with the patients that have participated in current clinical trials may provide further insight into whether this therapy best serves as a bridge to transplant or as a stand-alone cure. Overall, CAR T cell therapy stands out as an important novel therapeutic option for the treatment of B-ALL and one with significant potential for other hematologic malignancies.
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